We recently identified the DPY19L2 gene as the main genetic cause of human globozoospermia (70%) and described that Dpy19l2 knockout (KO) mice faithfully reproduce the human phenotype of globozoospermia making it an excellent model to characterize the molecular physiopathology of globozoospermia. Recent case studies on non-genetically characterized men with globozoospermia showed that phospholipase C, zeta (PLCz), the sperm factor thought to induce the Ca 2+ oscillations at fertilization, was absent from their sperm, explaining the poor fertilization potential of these spermatozoa. Since 30% of globozoospermic men remain genetically uncharacterized, the absence of PLCz in DPY19L2 globozoospermic men remains to be formally established. Moreover, the precise localization of PLCz and the reasons underlying its loss during spermatogenesis in globozoospermic patients are still not understood. Herein, we show that PLCz is absent, or its presence highly reduced, in human and mouse sperm with DPY19L2-associated globozoospermia. As a consequence, fertilization with sperm from Dpy19l2 KO mice failed to initiate Ca 2+ oscillations and injected oocytes remained arrested at the metaphase II stage, although a few human oocytes injected with DPY19L2-defective sperm showed formation of 2-pronuclei embryos. We report for the first time the subcellular localization of PLCz in control human sperm, which is along the inner acrosomal membrane and in the perinuclear theca, in the area corresponding to the equatorial region. Because these cellular components are absent in globozoospermic sperm, the loss of PLCz in globozoospermic sperm is thus consistent and reinforces the role of PLCz as an oocyte activation factor necessary for oocyte activation. In our companion article, we showed that chromatin compaction during spermiogenesis in Dpy19l2 KO mouse is defective and leads to sperm DNA damage. Together, these defects explain the poor fertilization potential of DPY19L2-globozoospermic sperm and the compromised developmental potential of embryos obtained using sperm from patients with a deletion of the DPY19L2 gene.
Introduction
Approximately 15% of couples seek assistance from reproductive clinics for subfertility or infertility. The causes of infertility are numerous (societal, environmental, chromosomal or genetic) and this heterogeneity has slowed down the comprehension of the etiology of infertility. Identification of the cause of a patient's infertility is always long and costly and is thus often neglected and replaced by a palliative treatment based on assisted reproductive technologies (ART), which do not repair or improve the deficient physiological processes but merely bypass the defects. Nevertheless, despite progresses in ART, including the development of ICSI, genetic causes of infertility associated with defects such as macrozoospermia, globozoospermia or azoospermia remain difficult to overcome and many couples fail to achieve a pregnancy. Therefore, a better understanding of the molecular defects underlying these diseases will help to elucidate unknown mechanism(s) of spermatogenesis, while offering the perspective of more rational therapeutic approaches.
In the last few years, we have focused our attention on one phenotype of male infertility, globozoospermia (OMIM #613958, http ://omim.org/entry/613958), which is characterized by the presence in the ejaculate of a large majority of round spermatozoa devoid of acrosome (Dam et al., 2007a) . Some patients present a complete phenotype, type I, with 100% abnormal spermatozoa, whereas others have a mosaic of normal and globozoospermic sperm. Despite the different phenotypes, globozoospermia seems to have a genetic origin, since familial cases have been described. A familial mutation of SPATA16 has been associated with globozoospermia (Dam et al., 2007b) , although a single mutation in SPATA16 thus far was subsequently identified among a large cohort of patients with this phenotype (Karaca et al., 2014) , suggesting that globozoospermia is genetically heterogeneous. Recently, research on a cohort of Tunisian patients with type I globozoospermia revealed that 15 of the 20 analyzed patients displayed complete deletion of the DPY19L2 gene (Harbuz et al., 2011) ; this finding was confirmed by two other studies including one in a population of Chinese subjects (Koscinski et al., 2011; Zhu et al., 2013) . Subsequently, point mutations in the DPY19L2 gene were found in some of the patients that did not show DPY19L2 gene deletion Elinati et al., 2012; Zhu et al., 2013) . Together, these results implicate the DPY19L2 gene as the major cause of type I globozoospermia.
Studies into the mechanism of the deletion of the DPY19L2 gene showed that it was produced by non-allelic homologous recombination (NAHR) between two repeated sequences located on each side of the gene. Sequence analysis demonstrated that at the center of the breakpoint, there was a 13-nucleotide recognition motif for the PRDM9 protein, confirming the link between the presence of this motif and the occurrence of NAHRs (Coutton et al., 2013) . The frequency of the heterozygous deletion in the general population is estimated to be 1 in 220 individuals predicting a prevalence of globozoospermia of around 1/200,000 males, a value that is compatible with the rarity of the phenotype. Although these findings established the association of the DPY19L2 gene with globozoospermia, the function of the gene product was unknown. Therefore, more fundamental studies about its possible function were carried out using a genetic knockout (KO) mouse model with a deleted Dpy19l2 gene. In those studies, we found that DPY19L2 is located in the inner nuclear membrane and is necessary for anchoring the acrosome to the nuclear envelope, because in its absence, the inner nuclear membrane becomes separated from the outer nuclear membrane, leading to the detachment of the acrosome associated with the outer nuclear membrane (Pierre et al., 2012) .
Before the development of ART, and more particularly ICSI, the treatment of globozoospermia was not possible and affected men remained sterile. In 1994, Lundin et al. using ICSI reported the first successful pregnancy and offspring from a man with globozoospermia (Lundin et al., 1994) ; other teams later reported similar outcomes. Despite this initial success, other studies using ICSI reported an absence of fertilization when using globozoospermic sperm (Liu et al., 1995; Battaglia et al., 1997) . The low efficiency of ICSI with globozoospermic sperm, characterized by low rates of egg activation and fertilization, raised the possibility that these sperm were deficient in the factor responsible for egg activation. After many years of study, such a factor was proposed to be a testis-specific phospholipase C, zeta (PLCz), because it is appropriately expressed in sperm and injection of the corresponding complementary RNAs (cRNA) into oocytes induced Ca 2+ oscillations (Saunders et al., 2002) . The role of PLCz was further confirmed in numerous publications (Amdani et al., 2013) . PLCz is located in the head of mammalian sperm in areas surrounding the equatorial region, which is where the fusion between gametes is proposed to begin Grasa et al., 2008) . Consistent with a possible role in globozoospermia, recent studies on men presenting this condition showed that protein expression of PLCz was greatly reduced or absent from these patients (Yoon et al., 2008; Heytens et al., 2009) . Further, later studies using motile sperm organelle morphology evaluation (MSOME) showed that few globozoospermic sperm can retain fragments of the acrosome, known as acrosomal buds, and in these cases some PLCz is detected on the sperm head and/or midpiece, which suggests heterogeneity in expression of this protein in globozoospermic patients (Taylor et al., 2010; Kashir et al., 2012) . Given that the DPY19L2 gene was only described in 2011, the association between globozoospermia, DPY19L2-deletion and PLCz expression remains to be demonstrated. Contrary to humans where only two genes have been associated with globozoospermia, the analyses of KO mice allowed identifying nine genes whose absence leads to defective acrosome biogenesis and the globozoospermia-like sperm phenotype (Pierre et al., 2012) . A better characterization of the molecular underpinnings responsible for the infertility of globozoospermic patients could be carried out in mouse models (Heytens et al., 2010) . Toward that end, one of these models, the Dpy19l2 KO mouse, displays a reproductive phenotype remarkably similar to the human disease, as males are completely infertile and 100% of their sperm are globozoospermic (Pierre et al., 2012) . Therefore, this model represents an opportunity to assess the role of PLCz in DPY19L2-dependent globozoospermia.
Using both human and mouse sperm from individuals/animals with DPY19L2-dependent globozoospermia, we show that PLCz is absent/ reduced in sperm of both species and this absence seems to underlie the characteristic defect in oocyte activation associated with fertilization by ICSI when using these sperm. Using optical and electronic microscopy, we identified for the first time with a high degree of precision the subcellular localization of PLCz in human sperm in the perinuclear theca. This distribution is consistent with its activity as an oocyte activation factor and with its loss during spermiogenesis in DPY19L2-defective sperm, which display disruption of the nuclear envelope, resulting in detachment of the acrosome and loss of the acrosome and surrounding material including the perinuclear region and PLCz.
Materials and Methods

Biological samples
Human sperm were obtained from patients consulting at the fertility department of Grenoble and Marseille Hospitals (France) or Clinique des Jasmins (Tunis, Tunisia), following approval by the ethical committee and informed consent from the patients. All patients gave an informed consent for the conservation of the remaining sperm in the Germetheque biobank and their use in studies on human fertility in accordance with the Helsinki Declaration of 1975 on human experimentation. The Germetheque Scientific Committee approved the present study design. Globozoospermic patients underwent genetic analysis as previously described (Harbuz et al., 2011) and homozygously DPY19L2-deleted patients selected. Some of these patients were included in Harbuz et al. (2011) . This previous study focused on the genotypes of a cohort of globozoospermic patients and included none of the results presented here, including those involving ICSI. All animal procedures were performed according to the French and to the IACUC UMASS guidelines on the use of living animals in scientific investigations with the approval of the respective local ethical review committees (Grenoble-Institut des Neurosciences-ethical committee, agreement number 004). Dpy19l2 KO mice were obtained from Mutant Mouse Regional Resource Center (MMRRC), University of California, Davis, CA, USA. Human sperm were collected by masturbation and washed twice in phosphate-buffered saline (PBS) after semen liquefaction.
Collection of gametes for ICSI
Sperm from caudae epididymides of different mouse strains (Dpy19l2 KO and wild-type (WT) B6D2F1) were allowed to swim for 10 min at 378C in 1 ml of Nuclear Isolation Medium (NIM) containing (in mM) KCl 125, NaCl 2.6, Na 2 HPO 4 7.8, KH 2 PO 4 1.4 and EDTA 3 (pH 7.0). Sperm were then washed twice by centrifugation at 500 g with NIM, then resuspended in 100 ml NIM + 12% poly(vinylpyrrolidone) (PVP), average M r ≈360,000 (Sigma-Aldrich, France) medium. The sperm head was separated from the tail by the application of several piezo pulses (PiezoXpertw, Eppendorf) or by sonication (2 × 15 s).
Oocyte preparation
B6D2F1 female mice, 7 -11 weeks old, were superovulated by IP injection of 7.5 IU pregnant mare's serum gonadotrophin (PMSG; Intervet) followed by 7.5 IU of hCG (Intervet) 48 h later. Oocytes were collected from oviducts about 14 h after hCG injection. Cumulus cells were removed with 0.1% bovine testicular hyaluronidase (300 USP U/mg; ICN Biochemicals, Costa Mesa, CA, USA) in M2 medium (Sigma-Aldrich, France) for 5 -10 min. Oocytes were rinsed thoroughly and kept in M2 medium at 158C for at least 15 min until required for ICSI.
Media
M2 medium (Sigma) and CZB.HEPES (CZB.H, in mM) (HEPES 20, NaCl 81.6, KCl 4.8, MgSO 4 1.2, CaCl 2 1.7, KH 2 PO 4 1.2, EDTA.Na 2 0.1, Na-lactate 31, NaHCO 3 5, Na-pyruvate 0.3, polyvinyl alcohol 0.1 mg/ml, phenol red 10 mg/ml (0.5% (w/v) in DPBS (Dulbecco's phosphate-buffered saline)), pH 7.4) was used for gamete handling and ICSI in air. Potassium simplex optimized medium (KSOM) (100×, Life technologies) supplemented with 1% essential amino acids (EAA) (100×, Life technologies) was used for embryo culture (KSOM/EAA).
ICSI procedures
ICSI was performed according to the method described by Yoshida and Perry (2007) . For microinjection, sperm were stored in 50 ml of NIM, 12% PVP medium and moved directly to the injection chamber. Sperm were introduced into the ooplasm by using micromanipulators (Micromanipulator InjectManw, Eppendorf) mounted on an inverted Nikon TMD microscope. The sperm suspension was replaced every 30 min during the ICSI experiment. Oocytes that survived the ICSI procedure were incubated in KSOM/EAA medium at 378C under an atmosphere of 5% CO 2 . Pronuclei (PN) formation was checked at 6 h after ICSI, and outcomes were scored up to the blastocyst stage.
[Ca
21
] i monitoring [Ca 2+ ] i monitoring was carried out as described by our laboratory (Yoon et al., 2008) . Briefly, mouse eggs were loaded with fura-2-AM (Molecular Probes; Invitrogen) prior to performing ICSI. Eggs were then transferred to a monitoring dish (Mat-Tek Corp., Ashland, MA, USA) containing 50 ml drops of TL-HEPES medium under mineral oil. Eggs were monitored simultaneously under a 20× objective on an inverted microscope (Nikon) outfitted for fluorescence measurements and with a temperature-controlled stage. Excitation wavelengths of 340 and 380 nm were alternated using a filter wheel (Ludl Electronic Products Ltd., Hawthorne, NY, USA). Fluorescence ratios were taken every 20 s. After passing through a 510-nm barrier filter, the emitted light was collected by a Cool-SNAPES digital camera (Roper Scientific, Tucson, AZ). SimplePCI imaging software was used to run all the hardware and capture images (Hamamatsu, Sewickley, PA, USA). [Ca 2+ ] i values are reported as the ratio of 340:380 nm fluorescence in the whole egg.
Western blotting
Sperm from caudae epididymides of different mouse strains (Dpy19l2 KO and WT B6D2F1) were allowed to swim for 10 min at 378C in 1 ml of NIM. Sperm were then washed in 1 ml of PBS, resuspended in Laemmli sample buffer without b-mercaptoethanol, and boiled for 5 min. After centrifugation, 5% b-mercaptoethanol was added to the supernatants, and the mixture was boiled again for 5 min. Protein extracts equivalent to 1 -2 × 10 6 sperm were loaded per lane into a 4 -20% sodium dodecyl sulfate polyacrylamide gel, and resolved proteins were transferred onto polyvinylidene difluoride membranes (PVDF, Millipore) using a Mini Trans-Blot Cell (Bio-Rad). The membranes were blocked in 6% nonfat dry milk in PBS -0.1% Tween and incubated overnight at 48C with anti-PLCz antibodies (1 : 500); this was followed by 1 h of incubation with a horseradish peroxidase labeled secondary antibodies. Immunoreactivity was detected using chemiluminescence detection kit reagents and a Chimidoc TM Station (Bio-Rad). Western blotting procedures were repeated at least three times per sample.
Immunofluorescence
Sperm were fixed in PBS/4% paraformaldehyde for 1 min at room temperature. After washing in 1 ml PBS, the sperm suspension was spotted onto 0.1% poly L-lysine precoated slides (Thermo Scientific). After attachment, sperm were permeabilized with 0.1% (v/v) Triton X-100 -DPBS (Triton X-100; Sigma-Aldrich) for 5 min at room temperature. Slides were then blocked in 5% corresponding normal serum -DPBS (normal goat or donkey serum; GIBCO, Invitrogen) and incubated overnight at 48C with primary antibodies. Washes were performed with 0.1% (v/v) Tween 20 -DPBS, followed by 1 h incubation at room temperature with Alexa Fluor 555-labeled goat antirabbit or Dylight 488-labeled goat anti-rabbit (1:400) secondary antibodies. Samples were counterstained with 5 mg/ml Hoechst 33342 and mounted with DAKO mounting media (Life Technology).
Loss of phospholipase Cz in globozoospermia
Fluorescence images were captured with confocal microscopy (Zeiss LSM 710) outfitted with a 63× oil immersion objective for mice sperm and 100× oil immersion objective for human sperm and analyzed with ZEN lite software (Zeiss). Whole images were reconstructed and projected from Z-stack images using ZEN software.
Immunogold labeling
Purified spermatids were fixed for 2 h in 0.1 M phosphate buffer, pH 7.3, containing 2% paraformaldehyde and 0.2% glutaraldehyde. Cells were then washed twice in 0.1 M phosphate buffer and once in phosphate buffer 0.1 M, pH 7.2, containing glycine 50 mM before being centrifuged and embedded in 10% gelatin diluted in the same buffer at 378C. After solidification on ice, this cell pellet was incubated for 4 h in 2.3 M sucrose and frozen in liquid nitrogen. Cryosections of these samples were made at 21208C using an ultra-cry-microtome (Lexica-Reichert) and retrieved with a 1:1 solution of 2.3 M sucrose and 2% methylcellulose according to Liou et al. (1996) . For labeling, cryosections were first incubated with primary human PLCz (hPLCz) antibody and revealed with protein A-gold conjugated (CMC, Utrecht, the Netherlands).
Primary antibodies
Anti-human acrosin antibodies were obtained from Sigma-Aldrich; two anti-PLCz antibodies were used: for mouse sperm, antibody was raised against a 19-mer peptide sequence (GYRRVPLFSKSGANLEPSS) of the mouse PLCz (anti-mPLCz) (Kurokawa et al., 2005) ; the anti-mPLCz was from whole serum, therefore concentration is not known. For human sperm, antibody was raised against a 15-mer-peptide sequence (305KETHERKGSDKRGDN319) of the human PLCz1 protein (anti-hPLCz) (Yoon et al., 2008) . The anti-hPLCz was affinity purified and stored at a concentration of 1 mg/ml. The dilution used was of 1:1000 for western blot and 1:100 for immunofluorescence.
Statistical analyses
Statistical analyses were performed with SigmaPlot (Systat Software Inc.). Student's T-test and paired t-test were used to compare the fertility rate. If necessary, data are presented as mean + SD. Statistical tests with a twotailed P value ≤0.05 were considered as statistically significant.
Results
DPY19L2-deficient sperm display poor oocyte activation capacity
To investigate the ability of Dpy19l2 KO mice sperm to induce oocyte activation, we injected control and Dpy19l2 KO sperm heads and tails into WT oocytes, and embryo development was followed up to the blastocyst stage. Injection of Dpy19l2 KO sperm failed to induce activation, as evaluated by the presence of formation of 2-PN or division to the 2-cell stage, demonstrating failure to induce oocyte activation. In contrast, 80% of the oocytes injected with WT sperm underwent activation and reached the morula stage (Fig. 1A) . The absence of oocyte activation following injection of Dpy19l2 KO sperm was confirmed by recording Ca 2+ oscillations after ICSI. As expected, injection of WT sperm induced Ca 2+ oscillations (13/13), whereas injection of Dpy19l2 KO sperm heads (0/21) or flagella (0/5) failed to induce Ca 2+ responses (Fig. 1B1-3 ).
The ICSI outcomes of globozoospermic patients are variable, with some medical teams reporting high pregnancy rates and others reporting low fertilization rates, early abortion and finally an absence of delivery.
Nevertheless, in the absence of genetic characterization of the cause of globozoospermia in those reports, it is difficult to draw conclusion about the oocyte activation capacity of globozoospermic sperm. In this report, we followed nine couples corresponding to 13 stimulation cycles with males presenting globozoospermia due to a full deletion of the DPY19L2 gene. Unlike results in the mouse, a low degree of fertilization was observed in these patients, as in 7 of 13 cycles, 2-PN embryos were obtained, although the rate of oocyte activation remained very low, with a mean rate of 7.25% + 9.76 2-PN formation (Table I) .
PLCz is absent in Dpy19l2 KO mouse sperm
The absence of oocyte activation in ICSI experiments performed with Dpy19l2 KO sperm and the low rate of fertilization with human sperm suggested that these sperm lacked the sperm factor thought to be associated with oocyte activation, i.e. PLCz. To confirm this possibility, we used immunohistochemistry and western blotting to detect expression of PLCz in both WT and Dpy19l2 KO sperm. As previously shown, PLCz is located in the post-acrosomal area of the mouse sperm heads (arrowheads, Fig. 2A1 ), although additional, less specific staining has also been described in the acrosome region Grasa et al., 2008; Young et al., 2009) . In contrast, Dpy19l2 KO sperm failed to show any immunoreactivity toward PLCz, strongly suggesting that these sperm are devoid of PLCz (Fig. 2A2) . The absence of PLCz in Dpy19l2 KO sperm was confirmed by western blotting, whereas the anti-mPLCz antibody recognized a band just above 72 kDa in WT sperm, this band was absent in Dpy19l2 KO sperm lysates (Fig. 2B , representative WB, n ¼ 4); equal loading of WT and Dpy19l2 sperm extracts was demonstrated using TGX stain free TM precast gels (Fig. 2C ).
Reduced and abnormal localization of PLCz in DPY19L2-deficient human sperm
To examine the expression and localization of PLCz in DPY19L2-deleted human sperm, we first performed immunofluorescence in control sperm using an anti-human PLCz (anti-hPLCz) antibody that we have previously characterized (Yoon et al., 2008; Lee et al., 2014) . In agreement with those results, we found that PLCz is mostly located around the equatorial/post-acrosomal area of human sperm, where it shows a strong and compact staining in the form of a band, the acrosome staining being considerably weaker ( Fig. 3A and Supplementary Fig. S1AC ). To more accurately determine the location of PLCz, images obtained with the confocal microscope on the z-axis were examined. In the first section where a signal was detected, here named 0 mm ( Supplementary Fig. S1D ), PLCz staining appears as a post-acrosomal band, whereas in more central sections the shape of the staining appears as peripheral dots (Supplementary Fig. S1E and S1F). Finally, as expected, moving the focus to higher confocal sections allowed observing a staining similar to that observed in the 0 mm section ( Supplementary Fig. S1G and S1H). These results strongly suggest that PLCz is not located inside the nucleus, but rather in the vicinity of the nuclear envelope. Lastly, we also performed western blotting studies, which confirmed the specificity of the antibody, as it prominently recognized in three out of four human sperm extracts a band of 72 kDa, which is the expected molecular weight of hPLCz ( Supplementary Fig. S1I ). The presence of PLCz in DPY19L2-deleted patients was studied in two subjects with globozoospermia and part of the cohort presented in Table I . We observed that in the large majority of sperm, the anti-PLCz antibody failed to display any reactivity ( Fig. 3A3 and A4) , which is consistent with the lack of oocyte activation following injection of these sperm. Remarkably, staining with the anti-PLCz antibody showed a punctiform staining in 10% of the sperm (Fig. 3B1-B3 and 3C ; more than 150 sperm were analyzed per subject) and although minor, this staining is likely to represent specific staining of PLCz, because when the primary antibody was omitted, it was no longer observed ( Supplementary Fig.  S2 ). It is worth noting that using an anti-acrosin antibody, we observed Absence of 2-pronuclei and subsequent absence of development demonstrate that oocyte activation was defective in ICSI experiments performed with Dpy19l2 KO nuclei (red columns), contrary to those performed with wild-type (WT) sperm nuclei (black columns). Sperm were from three different KO and two WT males. There was a significant difference between WT and KO sperm for all stages (P , 0.001). (B1 -B3) Contrary to ICSIs performed with WT sperm (13/13, D1), those performed with globozoospermic sperm head (0/21, D2) or flagellum (0/5, D3) do not elicit calcium signaling. Sperm were from three different KO and two WT males. similar punctiform staining in 15% of the sperm (Fig. 3E, F1 and F2 ; more than 150 sperm were analyzed per subject), which suggested the presence of acrosomal buds in a minority of DPY19L2-deleted sperm. While co-staining with hPLCz and acrosin antibodies was not possible, as both antibodies were raised in rabbits, the results suggest that in those globozoospermic sperm that retain remnants of acrosomal content, they might also contain abnormally distributed PLCz. Taken together, immunofluorescence and western blotting studies using mouse and human sperm clearly demonstrate that PLCz is absent, or its presence highly reduced, in Dpy19l2-dependent globozoospermic sperm. Only a small fraction of DPY19L2-dependent globozoospermic sperm present a punctiform staining in M1 and G1 subjects, in contrast to sperm from men presenting with normal fertility (n ¼ 5). There was a significant difference between sperm from control and DPY19L2-deleted men (P , 0.001). (D) Sperm from a man with normal fertility were stained with anti-acrosin antibodies (magenta staining) and counterstained with Hoechst (blue) in order to show the acrosomal vesicle. (E) Contrary to control sperm from three different men with normal fertility, only around 15% of DPY19L2-dependent globozoospermic sperm from subjects M1 and G1 were stained with anti-acrosin antibody, identifying acrosomal buds (F1-F2). There was a significant difference between sperm from control and DPY19L2-deleted men (P , 0.001).
Loss of phospholipase Cz in globozoospermia
PLCz localizes to the inner acrosomal membrane/perinuclear theca in the post-acrosomal region of human sperm
To determine the localization of PLCz at the ultrastructural level, we used electronic microscopy (EM) and the anti-hPLCz antibody subsequently revealed with protein A-gold conjugated (Fig. 4A) . A total of 195 gold particles were studied and most of the gold particles were located around (104/195) or on (91/195) the inner acrosomal membrane (IAM) (Fig. 4B) . Given that the observed position of the gold particles does not allow us to directly determine the precise localization of the antigenic site, i.e. PLCz, as due to the lengths of the two IgGs used in the IgG-gold complexes (15 nm × 2 (IgG × 2) ¼ 30 nm), the gold particles actually fall in a circle of 60 nm diameter around the antigenic site, we estimated localization of PLCz by measuring the shortest distance from the edge of the gold particle to the line corresponding to the IAM; the distances were counted positively when heading toward the nucleus and negatively when heading toward the acrosome. Since the distribution of the gold particles in the circle is random, the median of the sample should be around 0 for a location on the IAM. A box plot corresponding to the numerical values of the distances of the 104 gold particles located around the IAM is shown in Fig. 4C and reveals a median of 26.7 nm with the 10th/90th percentile values indicating that 80% of the gold particles fall inside the expected circle. This result strongly suggests that in mature sperm PLCz is located on the perinuclear theca side bound to the IAM. In addition, numerous gold particles and gold clusters were found at the end of the base of the acrosomal vesicle ( Fig. 5A -E) , which is consistent with immunofluorescence images in Fig. 3 and Supplementary Fig. S1 , showing that PLCz staining is mostly located in the postacrosomal area. It is worth noting that a few gold particles were found inside the nucleus (Figs. 4A and 5A), although the specificity of this location was considered weak, as similar density of gold particles was found outside of the cell (Fig. 5A ). Finally, in control experiments which were incubated only with secondary gold conjugates, few gold particles were observed and at a very low density ( Supplementary Fig. S3 ).
Discussion
Globozoospermia is a rare, well-known and complex disease that causes male infertility and is associated with the loss of organelles and proteins during spermatogenesis. Nevertheless, the pathogenesis of the disease is not well-known and this was due in part to the failure to find the molecular defect(s) responsible for it. Indeed, several genes have been shown to be associated with globozoospermia-like infertility in the mouse, including Csnk2a2 (casein kinase IIa), Gopc (Golgi-associated PDZ and coiledcoil motif containing protein), Hrb (HIV-1 Rev binding protein), Pick1 (protein interacting with C kinase 1), Hsp90b1 (gp96; glucose-related protein 94 [Grp94]), Vps54 (vacuolar protein sorting-associated protein 54) and sperm acrosome associated 1 (Spaca1) (Xu et al., 1999; Kang-Decker et al., 2001; Yao et al., 2002; Xiao et al., 2009; Audouard and Christians, 2011; Paiardi et al., 2011; Fujihara et al., 2012) . Importantly, with the exception of a mutation in PICK1 found in a Chinese family (Liu et al., 2010) , the aforementioned genes do appear mutated in men with globozoospermia. In contrast, our recent studies identified the Dpy19l2 gene as the main genetic cause of human globozoospermia (Harbuz et al., 2011; Coutton et al., 2012 Coutton et al., , 2013 and showed that the loss of this gene phenocopies globozoospermia in mice (Pierre et al., 2012) demonstrating that defects associated with the DPY19L2 gene are the main cause of the disease in these species. Herein, we were able to compare human and mouse DPY19L2 globozoospermia. We observed that mouse spermatozoa display complete absence of PLCz whereas 10% of human sperm showed traces of PLCz associated with small remnants of the acrosome. These observations are concordant with the findings of complete fertilization failure following ICSI in mice whereas fertilization was occasionally achieved in men. Furthermore, we identified the precise localization of PLCz in human sperm, which is attached to the IAM in the sperm head, and which helps to explain the mechanism leading to its disappearance during spermatogenesis of globozoospermic men. The location of PLCz is consistent with its role as the sperm factor of mammalian sperm
Numerous studies have shown that PLCz is the likeliest candidate to be the sperm factor, and the strongest supporting data are provided by the ability of the recombinant protein or PLCz cRNA injection to initiate sperm-like oscillations (reviewed in Amdani et al. (2013) . In addition, immunoprecipitation studies have shown that removal of PLCz from sperm extracts depletes the ability of these extracts to initiate Ca 2+ oscillations or hydrolyze phosphatidylinositol 4,5-bisphosphate (PiP2) (Kurokawa et al., 2007) . Herein, we present evidence that the location of PLCz in mouse and human sperm is consistent with its role as the sperm factor. First, using EM, we showed that in human sperm the gold particles that evidence the recognition of PLCz by our specific antibody are located in the perinuclear theca facing the acrosome and are likely associated with the IAM and the perinuclear theca facing the acrosome. This location is consistent with previous results obtained by Fujimoto et al showing by mass spectrometry that all oocyte-activating fractions of perinuclear theca contain PLCz (Fujimoto et al., 2004) . Further, because both IAM and perinuclear theca remain after the acrosome reaction, the PLCz associated with it would be available to be delivered after sperm-oocyte fusion. In addition, we found greater reactivity in the equatorial zone of the sperm, which is the area that first undergoes fusion with the oocyte, consistent with a role in triggering Ca 2+ release following fusion of the gametes. Interestingly the equatorial zone remains relatively unaltered during the acrosome reaction in humans (Zanetti and Mayorga, 2009) , which would preserve this PLCz pool. Lastly, we previously showed that in Dpy19l2-dependent globozoospermia, the separation of the nuclear envelope leads to the detachment of the whole acrosome, associated with the perinuclear theca and the outer nuclear envelope, with these structures being then discarded during elimination of the residual body during the compaction stage (Escalier, 1990; Pierre et al., 2012) . It is therefore likely possible that PLCz which is bound to the IAM is discarded from the cell during eliminationof the residual body. Altogether, these data demonstrate for the first time a location of PLCz consistent with its role in human sperm. While the evidence for PLCz is accumulating, a recent study has shown that another sperm protein may be capable of initiating oscillations in mouse and human eggs (Aarabi et al., 2014) . In that study, it was shown that injection of a recombinant form of the sperm protein postacrosomal WW binding protein (PAWP) triggered Ca 2+ oscillations in mouse eggs, and oscillations were also induced in human eggs by injection of a cRNA encoding human PAWP. Further, a blocking peptide based on a WW binding motif present in PAWP inhibited oscillations initiated by injection of PAWP or by fertilization (Aarabi et al., 2014) . Although these results are intriguing and represent the first step toward the validation Loss of phospholipase Cz in globozoospermia that PAWP may participate in the early stages of mammalian fertilization, important questions remain unanswered, including a very recent report that raises questions about PAWP's ability to initiate Ca 2+ oscillations, as injection of mouse PAWP recombinant protein or cRNA failed to initiate oscillations in mouse eggs (Nomikos et al., 2014) . Besides those results, other questions deserve consideration. For example, although oscillations are present in all mammals during fertilization, different species display distinct patterns of oscillations (Igusa and Miyazaki, 1986; Taylor et al., 1993; Halet et al., 2004; Malcuit et al., 2006) . These patterns are faithfully replicated by injection of species-specific PLCz cRNAs (Saunders et al., 2002; Ito et al., 2008; Cooney et al., 2010; Sato et al., 2013) , although thus far the oscillations induced by PAWP do not appear to show this degree of subtlety (Aarabi et al., 2014) . Another important unknown about PAWP, and the suppression of oscillations by the inhibitor peptide, are the site of action. In other words, it was not shown whether or not the blocking peptide is actually binding PAWP or some other target or both. In the same vein, it is unknown whether or not PAWP is necessary to induce oscillations during fertilization. Toward that end, it would be useful to determine if anti-PAWP-specific antibodies could be used to deplete the [Ca 2+ ] i -oscillation inducing activity present in mammalian sperm extracts. If this turns out to be the case, as shown to be the case for PLCz (Saunders et al., 2002; Kurokawa et al., 2007) , it will represent a compelling result, which will require elucidation of the mechanism by which it triggers oscillations in mammals.
Oocyte activation by human globozoospermic sperm
Unlike ICSI with Dpy19l2 KO mouse sperm, ICSI with globozoospermic human sperm induced oocyte activation in 53% of cycles (7/13, see Table I Nber 2-PN embryos), although only 7.25% + 9.76 of the MII oocytes formed 2-PN embryos (total MII oocytes: 139 obtained in 13 different cycles). The females involved in this cohort were young (mean age 30.23 + 4.28) and presented no evidence of infertility, which highlights the low activation rates in these couples compared with couples with a tuboperitoneal female factor and normal spermatogram, whose activation rates after ICIS are 70% (Bukulmez et al., 2000) . These low fertilization rates are consistent with previous publications examining non-genotyped globozoospermic patients (Liu et al., 1995; Battaglia et al., 1997) . It is notable that despite near complete absence of PLCz in the sperm of our patients, some oocytes became activated. Although the oolema deformation and the subsequent rupture of the membrane caused by the ICSI procedure cause Ca 2+ influx, it is generally not sufficient to activate human oocytes (Tesarik et al., 1994; Sato et al., 1999) . Nevertheless, it is possible that in some cases, this Ca 2+ influx together with the low traces of PLCz associated with acrosomal buds might be capable of supporting oocyte activation. The importance of acrosomal buds in oocyte activation was initially suggested in a SPATA16/ DPY19L2 negative globozoospermic patient (Sermondade et al., 2011) and confirmed later in non-genotyped globozoospermic patients by Kashir et al, showing that sperm exhibiting an acrosomal bud presented a punctate pattern of PLCz staining within the head (Kashir et al., 2012) .
Finally, there appears to be a clear correlation in Table I between the number of MII oocytes retrieved and the occurrence of 2-PN embryos, the correlation coefficient between MII oocytes and 2-PN embryos being 0.87. This observation suggests that the ability of globozoospermic sperm to activate the eggs is dependent on the number of retrieved oocytes. It may reflect either a difference in oocyte quality or a higher chance that those eggs were injected with sperm with an acrosomal bud. This observation deserves further study.
In conclusion, this study shows that PLCz is absent or greatly reduced in DPY19L2-deficient sperm. Moreover, for the first time we demonstrate the subcellular location of PLCz in human sperm, which is consistent with its role as the sperm factor and its absence in Dpy19l2-dependent globozoospermic sperm.
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